Abstract: Two-dimensional (2D) topological materials are promising for the realization of quantum spin Hall effect which is important for highly efficient and low consumption spintronics devices. Most research to date has proposed the decoration of either semiconducting or semi-metallic host materials using transition metals or non-metallic elements. Here, we report the decoration of monolayer honeycomb CuSe, a metallic 2D material, by alkali metals, leading to a topological insulating (TI) state. Using firstprinciples calculations based on density functional theory (DFT), we find that the Li/Na/K decorated CuSe possess two degenerate p/d-like bands of CuSe and one s-like band of Li/Na/K. Both CuSe-Li and CuSe-Na are semiconducting with the degenerate p/d-like bands below the s-like band, while CuSe-K is metallic with an inverted band order.
Introduction
Two-dimensional (2D) materials have many novel properties, such as superconductivity [1] [2] [3] , ferroelectricity [4] [5] [6] , valley polarization [7] [8] [9] [10] , topological properties [11] [12] [13] [14] , etc.
Among them, the topological properties have attracted extensive attention, due to the promise of the realization of quantum spin Hall effect with non-dissipating spin channels [15] [16] [17] [18] [19] [20] , which are important for highly efficient and low consumption spintronics devices.
Graphene, one of the mostly studied semi-metallic systems, is the prototypical platform of honeycomb 2D materials with quantum spin Hall effect. The topological properties of graphene can be designed by controlling the nanoribbon width [21] [22] [23] or atomic decoration [24] [25] [26] . Except for other graphene-like semi-metallic materials, further exploration of the novel topological physics via atomic decoration has focused on 2D semiconducting materials [27] [28] [29] .
Recently, monolayer transition metal selenide (CuSe), a metallic 2D material, has been successfully fabricated [30, 31] . First-principles calculations show that planar CuSe monolayer as a potential topological material is thermodynamically stable and possesses two 2D Dirac nodal line fermions (DNLFs) [31] . Monolayer CuSe has a gapped region above the Fermi level that is a p-type system with one electron depleted per unit cell and possess two degenerate p/d-like bands below the gapped region. One proposal to produce the 2D topological insulator (TI) state is employing the mechanism of special inverted bands (the degenerate p/d-like bands are abnormally above the s-like band) [32] [33] [34] . So further research about the functionalization of monolayer CuSe via alkila metals is necessary, since it may not only move the Fermi level toward the gapped region, but also introduce an s-like band to the system, thus realizing the TI state exactly at the Fermi level.
In this work, we functionalized the monolayer honeycomb CuSe with Li/Na/K. We found that CuSe-X (X=H, Li, Na) is semiconducting with the degenerate p/d-like bands of CuSe below the s-like band of the decorating atoms, while CuSe-K is metallic with an inverted band order. Interestingly, for CuSe-Na and CuSe-K, the relative order of p/d-like bands and s-like band can be controlled by applying in-plane isotropic strain. With increased strain, the s-like band moves up and the degenerate p/d-like bands move down at the  point, causing a transition from normal insulator to TI to metal. We further comfirm that CuSeNa (CuSe-K) has a critical point between the nomal band order and the inverted band onrdr at -3% compressive (3% tensile) strain. Near the critical point, CuSe-Na and CuSe-K, with the inverted band order, is 2DTI, which is exactly at the Fermi level.
METHODS
First-principles calculations were performed using the Vienna ab-initio simulation package (VASP) [35, 36] . The local density approximation (LDA) [37] is used for the exchange and correlation functional. The rotationally invariant LDA+U formalism proposed by Dudarev et al. is used [38] and the effective on-site Coulomb interaction Ueff is chosen as 6.52 eV for Cu [39] . The electronic wavefunctions are expanded in a plane wave basis with an energy cutoff of 450 eV. In all the calculations, a 15 Å vacuum layer is used, and all atoms are fully relaxed until the residual forces on each atom are smaller than 10 -3 eV/Å. The kpoints sampling is 39 × 39 × 1 with the Gamma scheme. Phonon dispersion is calculated based on a 6  6 supercell using the finite displacement method as implemented in the PHONOPY package [40] [41] [42] .
Results and Discussion
The It is expected that adding one electron per unit cell will move the Fermi level toward the gapped region so that the CuSe layer will become a semiconductor. Therefore, we use elements with one valence electron, for example, H, Li, Na and K, to functionalize the CuSe layer.
The newly formed monolayer CuSe-H and CuSe-X (X=Li, Na, K) have different atomic configurations as shown in Figs. 1(c) and 1(d), respectively. H atoms prefer to adsorb on top of Se atoms, while alkali metals prefer to adsorb at the hexagon center of the monolayer CuSe. As reported in our previous work [31] , the planar monolayer CuSe is thermodynamically stable while the buckled one is not. After the atomic functionalization, the basal plane of CuSe is slightly buckled. Surprisingly, the phonon dispersion of Fig. 1(d) ]. To confirm the band structure evolution of CuSe-X (X=H, Li, Na, K), we calculated the band structures of monolayer CuSe-X by using the HSE06 hybrid functional, which is widely used to obtain the band structures and band gaps of semiconductors. As shown in Fig. S2 , CuKSe is still metallic, while the band gaps of CuSe-H, CuSe-Li, and CuSe-Na are 2.08 eV, 1.98 eV, and 0.68 eV, respectively, which are slightly larger than those obtained using LDA+U approach. We expect that the band gap will change when external strain is introduced because strain may induce ℎ − variation, which will lead to band gap variation. is monotonically dependent on the applied strain. The tensile strain reduces ℎ − (X=Na, K), while the compressive strain increases it. Moreover, we found that the critical ℎ − of metal-to-semiconductor transition is 1.47 Å and 1.84 Å for CuNaSe and CuKSe, respectively. The critical ℎ − (X=Na, K) increases as the atomic radius of alkali metals is increased. The variation of the band gap of CuSe-Li [ Fig. 3(d) ] differs from our expectation [ Fig. 3(a) ]. As the strain-induced ℎ − decreases, the band gap doesn't increase as expected. This is beacause strain affects several other factors, such as bond length and Cu-Se buckling height, which also affect the band gap.
Unlike CuSe-X (X=H, Li Na), the projected band structure of CuSe-K near the Fermi level at  point shows an inverted band structure, suggesting a topology related feature [Figs. At 4% tensile strain, the CuSe-K becomes a normal insulator [ Fig. 4(c) ]. This band evolution is illustrated schematically in Fig.4(d Fig. 4(e) . Similarly, the metal-to-semiconductor transition point of CuSe-Na with a -3%
compressive strain is also a TI state as shown in Fig. S3 .
In summary, the band structure of monolayer CuSe is engineered from metal to semiconductor via H, Li, Na, and K functionalization. The newly formed monolayer CuSe-H and CuSe-X (X=Li, Na, K) have different atomic configurations. H atoms bind on top of Se atoms of monolayer CuSe, while the alkali metals prefer to adsorb at the hexagon center of CuSe. For monolayer CuSe-X (X=Li, Na, K), the coupling between alkali metal and CuSe changes with ℎ − and is key to determing the band gap. Moreover, for monolayer CuSe-K, with the strain-induced ℎ − decreasing, the K s-like band moves up and the double degenerate CuSe p/d-like bands move down at the  point, resulting in the TI state arising from the band inversion mechanism near the metal-to-semiconductor transition point. Band engineering of monolayers by atomic functionalization is essentially an efficient and general way to exploit the topological physics of other metallic layered materials in the two-dimensional limit.
